We report an age-dependent increase in nonimmunohematopoietic cells (CD45 neg ) in regenerating muscle characterized by high stem-cell antigen (Sca-1) expression. In aged regenerating muscle, only 14% of these CD45 pos cells from aged muscle are more susceptible to apoptosis than myoblasts, which may contribute to depletion of the satellite cell pool. Thus, with age, a subset of myoblasts takes on an altered phenotype, which is marked by high Sca-1 expression. These cells do not participate in muscle regeneration, and instead may contribute to muscle fibrosis in aged muscle.
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M
USCLE satellite cells are resident progenitors, located beneath the basal lamina of myofibers, that are primarily responsible for postnatal growth, repair, and maintenance of skeletal muscle (1, 2) . Quiescent satellite cells express Pax-7 and can be activated by muscle injury to produce progeny myoblasts that proliferate and migrate to the site of damage, followed by withdrawal from the cell cycle in order to fuse and differentiate into new myofibers or fuse with existing myofibers. Clearly, deficits in the ability of satellite cells and myoblasts to regenerate and/or repair myofibers following injury would contribute to decreased myofiber number and size with age, and considerable data obtained in rodents support this idea. Alterations in rodent myoblast metabolic activity (3) and proliferative capacity (3-6) occur with age. Further, changes in differentiation potential (7) may contribute to intramyocellular lipid accumulation (8, 9) and muscle fibrosis (10, 11) , both processes regulated by Wnt signaling. The Wnt family of genes, encoding at least 19 lipid-modified signaling proteins (12) , have been implicated in regulating proliferation and differentiation through the canonical b-catenin and noncanonical pathways [for review, see (13) ]. Although some agedependent phenotypes appear stable in vitro, suggesting inherent changes in cell potential, myoblast function is strongly influenced by the aging muscle environment (14, 15) .
On the other hand, two recent studies show that satellite cell number is reduced with age, but the cells that remain retain proliferation and differentiation capacity (16, 17) . An age-dependent loss in cells destined for self-renewal from the satellite cell/myoblast population would result in reduced regenerative capacity. A population of myofiber-associated cells, termed reserve cells, that are Pax7 pos MyoD neg emerge in culture and have been proposed to reflect the quiescent, self-renewing population (18) (19) (20) (21) . CD34, like Pax7, is expressed heterogeneously in quiescent satellite cells, and has been proposed to be a key regulator of the choice among proliferation, quiescence, and differentiation (22, 23) . Further, loss of Myf5 expression may also distinguish selfrenewing from committed satellite cells (22, 24) . Sca-1 also shows heterogeneity in expression in myoblasts and has been proposed to distinguish myoblasts capable of contributing to myofiber repair (Sca-1 neg ) and those that will self-renew (Sca-1 pos ) during muscle regeneration in vivo (25) . Sca-1 may also regulate the balance between proliferation and differentiation in myoblasts (26, 27) . However, changes in Sca-1 activity in muscle as a function of age have not been characterized. Based on the recent work that the satellite cell pool is not adequately replenished with age (16, 17) , we hypothesized that Sca-1-expressing myoblasts may be absent or depleted in aged muscle.
Sca-1, the Ly-6A/E member of the Ly-6 multigene family of glycosylphosphatidylinositol (GPI)-anchored membrane proteins, was originally identified on activated lymphocytes, but more recently has been used extensively to enrich for hematopoietic and other stem-cell populations [reviewed in (28) ]. Sca-1 null mice appear to be impaired in self-renewal of both hematopoietic and osteogenic stem cells and display immune defects and osteoporosis (29, 30) . In muscle, Sca-1 is expressed on side population cells (31, 32) , early progenitors (23, 33) , myoblasts (25, 26, 34) , and endothelial cells (35, 36) . Sca-1-expressing myoblasts proliferate more slowly (25) , and do not form myotubes compared with nonexpressing myoblasts (25, 34) , although Sca-1-expressing cells have been shown to undergo myogenic differentiation upon injection into mdx mice (37) . Myoblasts in Sca-1 null mice appear hyperproliferative, resulting in delayed muscle repair following injury (27) . As a ligand for Sca-1 has not been identified, it has been proposed that Sca-1 co-regulates lipid raft signaling to control stem-cell fate decisions (28) .
In this article, we demonstrate that, following injury in aged muscle, the abundance of Sca- This expression pattern is characterized by lack of both myogenic and adipogenic differentiation potential and appears to mimic the ageassociated myogenic-to-fibrogenic conversion of activated satellite cells (11) , independent of the aged muscle environment.
MATERIALS AND METHODS

Animals
All studies were approved by the University Animal Care and Use Committee and overseen by the Division of Laboratory Animal Medicine (University of Kentucky and University of Arkansas for Medical Sciences). All studies were performed on 6-month-old and 23-24-month-old female DBA/2JNIA mice obtained from the NIA Aging Rodent Colony at Harlan Sprague Dawley and mice were maintained on normal chow.
Muscle Regeneration
Mice (4 adult [6-month-old] and 4 aged [24-month-old]) were anesthetized by isoflurane inhalation and muscle necrosis induced using cardiotoxin injection. A 5 mm incision was made over the tibialis anterior muscle, which was then exposed. Twenty-five microliters of 10 lM cardiotoxin (snake venom from Naja Mossambica, Sigma, St. Louis, MO) was injected into the muscle under direct vision (9) . The incision was closed and the mice euthanized 1 week following injury. All in vivo analyses were performed in the areas immediately adjacent to and surrounding the major area of massive infiltration of CD45 pos Sca-1 pos immunohematopoietic cells.
Isolation, Maintenance, and Differentiation of Primary Myoblasts
Myoblasts from the tibialis anterior pooled from four adult (6-month-old) and four aged (23-month-old) DBA/ 2JNIA mice characterized previously (8) were used. Additional myoblast isolates were obtained from all hindlimb muscles of two 6-month-old and two 24-monthold DBA/2JNIA mice following mechanical disruption and enzymatic digestion with 1.5 U/ml collagenase D (Sigma) and 2.4 U/ml dispase (Sigma). All experiments were performed in duplicate on each of the three myoblast isolates. Myoblasts were plated on collagen-coated plates (Sigma) and maintained in growth medium containing Ham's F-10 (BioWhittaker, Walkersville, MD) supplemented with 20% fetal bovine sera (FBS) (BioWhittaker), 0.5% pen-strep (Invitrogen, Carlsbad, CA) and 5 ng/mL basic fibroblast growth factor (bFGF, Promega, Madison, WI) at 378C in a humidified 5% CO 2 -95% air atmosphere. Sca-1-expressing cells were depleted from aged myoblast cultures using the Sca-1 antibody and the Dynal CELLection PAN Mouse IgG (immunoglobulin G) kit with the magnetic particle concentrator (Invitrogen) and expanded. For differentiation, cells were cultured on E-C-L (Upstate Biotechnology, Lake Placid, NY), grown to confluence, and then switched to differentiation medium consisting of Dulbecco's modified Eagle's medium (DMEM) (Invitrogen) with 2% horse serum (Hyclone, Logan, UT) and 0.5% penstrep. Myogenic differentiation was assayed by myotube formation and myosin heavy chain (MyHC) expression after 72 hours (see Immunocytochemistry below).
To assess adipogenic potential, cells were grown to .95% confluence and then switched to medium composed of DMEM and 20% FBS supplemented with a cocktail of IBMX (115 mg/mL iso-butylmethylxanthine; 5 3 10 À4 M dexamethasone (Sigma); and 25 U/mL insulin (Novolin, Clayton, NC) (8) for 3 days with daily feeding. On day 4, this medium was replaced with growth medium supplemented with insulin only. On day 5, lipid accumulation was assessed by Oil Red O staining (8) .
For clonal analysis, limiting dilutions were performed resulting in approximately 20 clones from each of the 3 aged myoblast isolates. When composed of approximately 50-100 cells, clones were replica-plated and one replica immunostained for MyoD and Sca-1. For those that were MyoD pos Sca-1 neg , the other replica was expanded. When the clones contained a few thousand cells (5-10 additional population doublings), clones were immunostained for Sca-1 and/or MyoD.
C2C12 Cell Culture
C2C12 myoblasts were grown in DMEM supplemented with 20% FBS at 378C in a humidified 10% CO 2 -90% air atmosphere. Cells were maintained at ,60% confluence requiring passaging every 3 days. Intermediate passage C2C12s had undergone approximately 50 population doublings, whereas late passage C2C12s had undergone more than 300 population doublings and had been maintained in culture continuously for more than 1 year. Differentiation was induced as described above.
Fluorescence-Activated Cell Sorting (FACS)
Cells for FACS analysis were isolated by enzymatic digestion as for direct culture and pooled from 6 adult (6-month-old) and 6 aged (23-24-month-old) mice. Following digestion, cells were pelleted by centrifugation, resuspended in DMEM with 10% FBS, and filtered sequentially through 70 lm and 40 lm nylon mesh filters (BD Biosciences, San Jose, CA). Sca-1-expressing cells are rare in both young adult and aged muscle and following muscle injury, CD45 pos Sca-1 pos cells increase in abundance, which overwhelms the increase in muscle cell-derived Sca-1-expressing cells. To promote satellite cell activation and Sca-1 expression, but avoid immune cell infiltration, the filtrate was incubated at 378C in 5% CO 2 for 6 hours after which cells were spun down and dissolved in PBS with 0.5% FBS (PF buffer). All subsequent steps until collection of cells after FACS were performed at 48C. Cells were counted, repelleted, and resuspended in viral supernatant 2.4G2 (HB197, ATCC, Manassas, VA) at a concentration of 
Gene Expression Analysis
Total RNA was prepared from primary cultures using RNAqeous 4PCR (Ambion, Austin, TX), including DNAse treatment, according to the manufacturer's recommendations. RNA quality was assessed with a Bioanalyzer nanochip assay (Agilent Technologies, Santa Clara, CA), and RNA concentration was determined with a spectrophotometer by measuring the absorbance at 260 nm. Expression changes of genes related to the Wnt signaling pathway were screened using a polymerase chain reaction (PCR)-based gene array (SuperArray Bioscience Corporation, Frederick, MD). Abundance of the gene products was calculated using the ÁCT method according to the manufacturer's recommendations using 500 ng of RNA for each array. Changes detected with the PCR array were verified, and additional genes quantified by real-time reverse transcriptase (RT)-PCR utilizing a standard curve from pooled cDNAs on an IQ5 icycler using SYBRGreen (BioRad, Hercules, CA). For these experiments, 1 lg of RNA was converted to cDNA using the iScript reverse transcriptase kit (BioRad). Depending on the gene being analyzed 0.1-10 ng of cDNA/well was used for real-time analysis. In all cases, the primer concentrations were held at 0.3 lM and the annealing temperature was set at 608C. Reactions were characterized by a single-peak melting curve, 90%-110% amplification efficiency of the standard curve, and no amplification of a nontemplate control. Samples were run in duplicate and experiments repeated three times. Each value was normalized to 18s ribosomal RNA using 18s F primer 59-AA TGAGCCATTCGCAGTTTC-39 and R primer 59-CTCTG TTCCGCCTAGTCCTG-39. For MyoD F 59 GGCAGAA TGGCTACGACACC and R 59 CACTATGCTGGACAG GCAGTC primers were used. All other primer sequences can be found at http://pga.mgh.harvard.edu/primerbank/ using the following Genbank accession numbers: Sca-1 (Ly6/A), NM_010738; Cyclin D1, NM_007631; CyclinD2, NM_009829; Myc, NM_010849; Wnt2, NM_023653; Wnt7b, NM_009528; Wnt10, NM_011718; Twist1, NM_011658; Fibronectin, AF095690; CTGF, NM_010217. Results were analyzed using one-way analysis of variance (ANOVA) (Holm-Sidak method) and are presented as means and standard errors.
Proliferation Assays
To quantify proliferation, cells were seeded at 3 3 10 4 /35 mm on collagen-coated dishes. At 24-hour intervals, cells were trypsinized and 3 separate 35 mm dishes were counted per time point using a hemocytometer under an inverted microscope. Values represent means 6 standard errors.
In Vitro Apoptosis Assay
To induce apoptosis, primary myoblasts were seeded in duplicate at 5 3 10 4 cells/35 mm dish and expanded overnight. Staurosporin was added to growth medium to a final concentration of 5 lM. Cells were placed in a humidified incubator for 2 hours at 378C, then washed with PBS, fixed with 4% paraformaldehyde, and stained for TUNEL as described below. Cells in three different fields on each plate were counted and the number of TUNEL pos cells to the total number counted were expressed as mean percentage 6 standard errors. The experiment was repeated three times and results were analyzed using Student's t-test.
TUNEL Staining
Apoptotic cells in vitro and in vivo were detected by the TUNEL reaction according to the manufacturer's recommendations (Roche Diagnostics, Indianapolis, IN). Six micron tissue sections or cells were fixed with 4% paraformaldehyde, blocked in 3% hydrogen peroxide in methanol, and permeabilized with 1% Triton X-100 in 0.1 sodium citrate. TUNEL reaction mix was added at a dilution of 1:5 and incubated for 1 hour at 378C. Cells were reacted with the antifluorescein antibody, Fab 
Immunohistochemistry
Tibialis anterior muscles were cut on a cryostat in 6 lm sections, air dried, and stored at À208C until analysis. Sections were fixed in 4% paraformaldehyde, and endogeneous peroxide activity was blocked by incubating in PBS þ 0.3% hydrogen peroxide for 30 minutes. Sections were incubated with purified anti-Ly6A/E (Sca-1) antibody (BD Biosciences) overnight at 48C followed with a horseradish peroxidase (HRP)-conjugated mouse antirat IgG secondary antibody (Zymed, San Francisco, CA) for 1 hour at room temperature. TSA-Fluorescein (NEL701, Perkin Elmer) was used to detect antibody-binding. For all antibodies, cells were counted in the areas immediately adjacent to and surrounding the major area of damage and immune cell inflitration.
For Sca-1/MyoD double-staining, Sca1 immunodetection was performed first as described above. Sections were then permeabilized in PBS þ 1% Igepal (Sigma) and incubated with purified anti-MyoD (5.8A, BD Biosciences). Subsequently, the sections were incubated with a rat antimouse, HRP-labeled secondary antibody. TSA-Coumarin (NEL703, Perkin Elmer) was used to detect anti-MyoD binding.
For Sca-1/TUNEL and Sca-1/laminin double-staining, Sca-1 was performed first. TUNEL was performed as described except that the TSA-Cyanine 5 system (NEL705A, Perkin Elmer) was used for detection. For laminin detection, a rabbit polyconal antibody (L9393, Sigma) was used followed by an alkaline phosphate-conjugated secondary antibody (04-1622, Zymed) and the Alkaline Phosphatase substrate kit (SK5100, Vector). For each antibody combination, a minimum of three animals were analyzed. Cells were counted in three separate areas composed of at least 100 myofibers on 3 sections from each animal. Mean percentages and standard errors were compared using Student's t-test.
Immunocytochemistry
Cells in culture were fixed with 4% paraformaldehyde for 15 minutes. For cell surface antigen detection, cells were incubated overnight at 48C with anti-Sca-1, anti-CD34, or anti-CD45 (BD Biosciences) followed by an HRPconjugated antirat secondary antibody (Zymed) for 1 hour at room temperature. TSA-Fluorescein was used to detect antibody binding as described above.
For the nuclear antigens MyoD and Pax-7, cells were permeabilized following fixation for 10 minutes with 0.05% Igepal (Sigma), blocked with 2.5% normal horse blocking serum provided in the ImmPress Antimouse Ig staining kit (Vector Laboratories, Burlingame, CA), and incubated overnight at 48C, with anti-MyoD (BD Biosciences) or anti-Pax-7 (Developmental Studies Hybridoma Study Bank [DSHB], University of Iowa). Subsequently, cells were incubated for 30 minutes with the HRP-coupled ImmPress reagent, followed by TSA-Fluorescein. For Sca-1 and MyoD double-staining, Sca-1 immunodetection was performed first followed by MyoD staining as described above except that TSA-Coumarin (NEL703, Perkin Elmer) was used to detect anti-MyoD staining.
For myosin heavy chain (MyHC)/TUNEL double-staining, cells were fixed in absolute methanol and incubated in A4.1025 supernatant (Helen Blau, Stanford Medical School, Stanford, CA), recognizing an epitope common to all MyHCs, for 1 hour at room temperature after which an HRP-conjugated rat antimouse secondary antibody (Zymed) was added. TSA-coumarin (NEL703, Perkin Elmer) was used for visualization. TUNEL was subsequently performed as described above.
Soft Agar Assay
The soft agar assay for measuring anchorage-independent growth was performed on the MyoD phosphate broth. The dishes were kept in a humidified incubator at 378C with 5% CO 2 . Colonies greater than 1 mm were counted under an inverted microscope after 2 weeks.
Image Acquisition
All photomicrographs were acquired using a digital Nikon Eclipse E600 microscope, with a Nikon Plan Fluor 20X/0.50 or 40X/0.8 objectives. The specific fluorochromes used with each specific detection system are described in detail above and were captured using a Photometrics CoolSnap black and white camera with MetaVue software (Molecular Devices Corp., Sunnyvale, CA). Images were colorized, optimized globally for contrast and brightness, and assembled into figures using Adobe Photoshop 6.0.
RESULTS
MyoD neg
Sca-1 pos Cells, Which Preferentially Accumulate in Muscle From Aged Mice Following Injury, Undergo Apoptosis Sca-1-expressing cells were rare in both young adult and aged muscle (,1 Sca-1 pos cell/100 myofibers, data not shown), but abundance increased in both tissues following cardiotoxin injection. One week after injury, aged muscle ( Figure 1B ) contained three times more Sca-1-positive cells than young adult muscle ( Figure 1A ), quantified in Figure  1C . In an attempt to identify muscle cell-derived Sca-1 pos cells, fluorescence-activated cell sorting (FACS) using antiSca-1 antibodies, and anti-CD45 antibodies to eliminate immune-hematopoietic-derived cells, was performed. Results suggested that CD45 neg Sca-1 pos cells were more abundant in aged (24-month-old) compared to young adult (6-month-old) muscle (Figure 2 ). FACS analysis on two sets of mice resulted in similar cell profiles with Sca-1 pos cells representing approximately 14% of the CD45 neg population in aged and 7% in young adult mice. Although overall less abundant, approximately 82% 6 9% of Sca-1 pos interstitial cells in young adult muscle ( Figure 3A ) also expressed MyoD ( Figure 3B , overlay in Figure 3C ), whereas this percentage dropped to 14% 6 5% in aged muscle ( Figure  3D ). Double immunohistochemistry with anti-Sca-1 and antilaminin to visualize the basal lamina showed that, of the Sca-1 pos cells located between myofibers, less than 1% were found beneath the basal lamina in the satellite cell location (Figure 4) . A large fraction of Sca-1 pos cells in aged muscle (63% 6 18%, Figure 5A ) showed nuclear fragmentation visualized by TUNEL ( Figure 5B , overlay in Figure 5C ), whereas we were unable to detect Sca-1 pos cells that were also TUNEL pos in adult muscle ( Figure 5D) . The rare TUNEL pos nuclei that were detected in adult muscle were not associated with Sca-1 staining ( Figure 5E Figure 6A ) and Sca-1 neg ( Figure 6B ) were followed in culture. By the time each clone contained several thousand cells, all contained Sca-1 pos cells at a frequency of 10%-30% ( Figure 6C ), suggesting that they are derived from myoblasts. Due to the limited replicative capacity of primary myoblasts following cloning, the C2C12 myoblast cell line, maintained in culture for approximately 50 population doublings (intermediate passage) or greater than 300 population doublings (late passage), was studied. Immunocytochemical analysis of intermediate passage C2C12-derived cells supported the hypothesis that MyoD neg Sca-1 pos cells can be derived from myoblasts ( Figure 7A ). C2C12-derived cells with strong nuclear MyoD had little Sca-1 staining ( Figure 7A, black arrows) . Some cells accumulated both Sca-1 and nuclear MyoD ( Figure 7A , white arrow), and in those cells expressing the highest levels of Sca-1, nuclear MyoD was lowest ( Figure 7A, open arrows) . In fact, in cells expressing a high level of Sca-1 ( Figure 8A , black arrows), cytoplasmic MyoD staining was detectable ( Figure 8B , black arrows). By contrast, late-passage C2C12s were essentially MyoD neg Sca-1 pos ( Figure 7B ). Under these conditions, the late passage C2C12-derived cells were fusion incompetent and did not express myosin heavy chain (MyHC) upon serum withdrawal (Figure 7E ), compared to earlier passage cells that readily fused to form myotubes expressing MyHC (Figure 7C and D) . Interestingly, TUNEL pos nuclei were readily apparent only in the late passage, MyoD neg Sca-1 pos C2C12s ( Figure 7E , black arrows), with only rare apoptosing nuclei detected in differentiated earlier passage C2C12s ( Figure 7D , white arrow). To characterize the cells in more detail, quantitative realtime RT-PCR was performed on MyoD pos Sca-1 neg myoblasts from young adult and aged mice, and MyoD neg Sca-1 pos cells from aged mice (Figure 10 ). We were unable to isolate stable populations of MyoD neg Sca-1 pos cells from young animals. Significant differences in the expression of transcripts encoding several Wnt ligands were apparent ( Figure 10B ). Wnt2 mRNA was expressed at low levels in myoblasts at both ages, and expression was significantly higher in MyoD neg Sca-1 pos cells. This was associated with overexpression of downstream canonical target genes of Wnt signaling ( Figure 10C) . Also, target genes shown to be specifically downstream of Wnt2 such as Twist ( Figure  10D ), and genes associated with fibrosis including connective tissue growth factor (CTGF) and fibronectin were significantly overexpressed in MyoD neg Sca-1 pos cells compared to myoblasts. Wnt7b mRNA was expressed at lower levels in both cell types from aged mice relative to young adult myoblasts, whereas the Wnt10b gene was downregulated only in aged myoblasts ( Figure 10B ), which resulted in activation of an adipocyte-like phenotype in those cells (8, 9) . Consistent with this observation, MyoD neg Sca-1 pos cells ( Figure 11B ) accumulate less lipid than aged myoblasts (MyoD pos Sca-1 neg ; Figure 11A ), indicated by Oil Red O staining, when cultured under conditions that promote adipogenic differentiation in preadipocytes. Figure 12A ) and MyoD neg Sca-1 pos ( Figure 12B ) cells from aged muscle were treated in culture with staurosporine for 2 hours to induce apoptosis, followed by TUNEL-staining to identify apoptotic nuclei. Cell loss did not occur within 2 hours of treatment in either cell type, but there were significantly more TUNEL-positive cells in the MyoD neg Sca-1 pos population ( Figure 12C ). Finally, MyoD neg Sca-1 pos cells from aged muscle proliferate at a rate comparable to myoblasts ( Figure 11E ), and are not anchorage independent as they do not grow in soft agar (data not shown).
DISCUSSION
Our work suggests that, with advancing age, CD45
negMyoD neg Sca-1 pos cells increase in abundance in muscle following injury and on occasion can be found in the satellite cell position. Cells with this phenotype have been described in young adult muscle where they are nonmyogenic in vitro (34) ; however, cells expressing Sca-1 also have been reported to possess myogenic potential (31, 32, 37, 38) . Whereas MyoD neg Sca-1 pos cells do not readily arise from myoblasts isolated from young mice [(25) and data not shown], they do arise from myoblasts isolated from aged mice, as well as following long-term culture of C2C12 myoblasts. As Sca-1 expression increases, MyoD expression decreases and the MyoD protein that is detectable remains cytoplasmic. Genes associated with fibrosis, including Twist1, CTGF, and fibronectin, are overexpressed in MyoD neg Sca-1 pos cells compared to both young adult and aged MyoD pos Sca-1 neg myoblasts and this may be regulated by Wnt2, which is also highly overexpressed in MyoD neg Sca-1 pos cells. Expression of Wnt2, which signals through a canonical b-catenin-dependent pathway (39) , has been shown to induce the expression of the basic helix-loop-helix transcription factor Twist1 in mammary gland cells (40) . Twist1 inhibits the expression of MyoD (41) and also induces fibronectin expression both in breast cancer (42) and gastric carcinoma cells (43) . Moreover, it has been shown that Wnt2 and Twist1 are highly expressed in a model of kidney fibrosis (44) , suggesting that, in aged muscle, Wnt2 and Twist1 may be important regulators of fibrosis.
On the other hand, Wnt7b, which promotes myogenic differentiation (9) , is down-regulated in both aged myoblasts (MyoD pos Sca-1 neg ) and MyoD neg Sca-1 pos cells from aged mice, which may contribute to impaired myogenic potential (9) . Wnt10b, which inhibits adipogenic differentiation (45, 46) , declines only in aged myoblasts, potentially accounting for increased adipogenic potential specifically in those cells (8) . As overall markers of Wnt/b-catenin signaling appear to be up-regulated in the MyoD neg Sca-1 pos cells, Wnt7b and 10b likely signal through noncanonical pathways to control differentiation potential. These results are consistent with a recent report that satellite cells convert to a fibroblastic lineage in aged muscle, contributing to muscle fibrosis, which is associated with increased canonical Wnt signaling (11) , and suggest that Sca-1 is a useful marker of this transition. In addition to changes in Wnt signaling, alterations in TGFb signaling occur with age, which may also contribute to increased expression of fibrosis-promoting genes, particularly CTGF (10). We observe increased expression of canonical Wntresponsive genes primarily in the MyoD neg Sca-1 pos cells, suggesting that aged MyoD pos Sca-1 neg myoblasts retain some aspects of normal Wnt signaling apart from changes specifically associated with altered differentiation potential discussed above. However, as these cells are in close proximity in aged muscle and are influenced by both the aged muscle and systemic environment (14, 15, 47) , their behavior in vitro will not accurately reflect behavior in vivo. The fact that age-dependent differences in phenotype are stable in culture suggests that inherent changes in cell potential occur that are clearly exacerbated by the aged muscle environment.
Although all the work presented and discussed have been in rodents, interesting parallels appear to exist with human myoblasts, even though regulation of cell proliferation differs between rodents and humans, and a human homolog of Sca-1 has not been identified. The number of satellite cells declines with age in humans (48) , and myoblasts from old donors, as well as myoblasts aged in vitro, display altered myogenic properties (49) . Further, fibroblastic markers increase in human myoblasts during replicative senescence in vitro (50) . Myoblasts are heterogeneous based on Sca-1 expression, and Mitchell and colleagues hypothesize that the MyoD pos Sca-1 pos myoblasts represent a self-renewing population, whereas MyoD pos Sca-1 neg myoblasts actively participate in muscle regeneration [(25) ; see model, Figure 13 ]. MyoD pos Sca-1 pos myoblasts proliferate more slowly than MyoD pos Sca-1 neg myoblasts and are nonmyogenic, and there is interconversion between these two cell types. Work by Epting and colleagues (26, 27) also shows that Sca-1 neg myoblasts are more proliferative than those expressing Sca-1, but their work suggests that Sca-1 expression in myoblasts promotes differentiation. It is possible that, in young adult muscle, Sca-1 may be involved not only in selfrenewal, but in regulating the balance between proliferation and differentiation in different subpopulations of cells.
Work presented here suggests that, with age, transition to a nonmyogenic MyoD neg Sca-1 pos fibrogenic phenotype occurs ( Figure 13 ). This is unexpected in that, for hematopoietic stem cells, Sca-1 deficiency appears to hasten age-associated changes (28) . As enthothelial cells in muscle can also express Sca-1 (35,36), we have not ruled out the possibility that they also undergo an age-associated fibrogenic conversion and contribute to muscle fibrosis. However, as MyoD neg Sca-1 pos arise from clonally derived myoblasts, results from our in vitro studies suggest that myoblasts are a major source of MyoD neg Sca-1 pos cells in aged muscle. Some MyoD neg Sca-1 pos cells may return to the quiescent myofiber-associated pool, but no longer express myogenic markers as proposed by Collins and colleagues (17) . The increased susceptibility of MyoD neg Sca-1 pos cells to apoptosis-inducing agents in vitro, and increased abundance of Sca-1 pos apoptotic cells in regenerating aged muscle suggest that these cells are lost from muscle during recovery, potentially contributing to depletion in the number of satellite cells capable of self-renewal in aged muscle (16, 17) . Taken together, the model ( Figure 13 ) proposes that, with age, myoblasts can contribute directly to two features of aging muscle: increased intramyocellular lipid accumulation and increased fibrosis, and that Sca-1 is a useful marker of the latter.
